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(57) A Zr02 based ceramic material having excel- 
lent mechanical strength and fracture toughness com- 
prises a first phase of ZrOa grains containing Ce02 as a 
stabilizer and having an average grain size of 5 |im or 
less, a second phase of AI2O3 grains having an average 
grain size of 2 ^m or less, and a third phase of elon- 
gated crystals of a complex oxide of Al. Ce. and one of 
Mg and Ca. At least 90 vol% of the first phase is com- 
posed of tetragonal Zr02. An aluminum (Al) content in 
the ceramic material is determined such that when Al of 
the complex oxide is converted to AI2O3, a total amount 
of AI2O3 in the ceramic material is within a range of 0.5 
to 50 vol%. A content of the third phase in the ceramic 
material is determined within a range of 0.5 to 5 by 
area%. It is preferred that fine AI2O3 grains having an 
average grain size of 1 ^m or less of the second phase 
are dispersed within the Zr02 grains at a dispersion 

ratio of at least 2%. FiG. 1 
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Description 

* TECHNICAL FIELD 

5 The present invention relates to a ZrOg based ceramic material having excellent mechanical strength and tough- 

ness, and a method of producing the same. 

BACKGROUND AFTT 

10 Owing to superior heat-resisting property, wear-resistance, and corrosion-resistance of ceramics such as alumina 
(AI2O3), zirconia (Zf02). silicon nitride (Si3N4), or the like, it is expected to use the ceramics for wide applications as a 
turbocharger rotor for an automobile engine, various kinds of edged tools, mechanical parts such as a bearing, a 
mechanical seal and the like, a cutting bite, a drilling tool, crushing media, an optical connector ferrule, a dice, a saw 
and so on. However, mechanical strength and toughness of the ceramics are not always sufficient for those appllca- 

15 tions. That is, since the ceramics usually show very poor plastic deformation unlike a metal material, macro cracks 
tends to rapidly and readily proceed from fine defects or flaws in the ceramics. Therefore, it is desired to develop a 
ceramic material having improved mechanical strength and toughness, which can be used safely for a longer time 
period in those applications. As an example, ceramic materials comprising a CeOa-partialiy stabilized ZrOg and AI2O3 
are being studied. 

20 Japanese Patent Publication [KOKOKUl No 64-7029 discloses a ceramic material coinprising 61 to 87 wt% of 
ZrOg. 11 to 27 wt% of CeOg (cerium dioxide), and 20 wt% or less of AI2O3. CeOg forms a solid solutton with ZrOa. so 
that Zr02 crystals of the ceramic material are composed of 20 % or less of monoclinic Zr02 and/or cubic Zr02 and the 
balance of tetragonal ZrOa- This prior art discloses that when the content of AI2O3 is more than 20 wt%. a sintering tem- 
perature of the ceramic material increases, so that a grain growth of the zirconia crystals is caused. This will bring deg- 

25 radation in the mechanical strength of the ceramic material due to an enlargement of a flaw size. 

Japanese Patent Early Publication [KOKAI] No. 5-246760 discloses a Zr02 based ceramic material comprising a 
matrix of a partially stabilized Zr02 containing 5 to 30 mo!% of Ce02 and a secondary phase of at least one selected 
from AI2O3, SiC. Si3N4, B4C, carbides, nitrides and Ixjrides of elements of groups I Va, Va, Via of the periodic tat)le. Fine 
grains of the secondary phase are dispersed within grains as well as grain tDOundaries of the Zr02 matrix. When the 

30 content of Ce02 is more than 30 mol%. the mechanical strength of the ceramic material lowers due to an increase of 
cubic Zr02. When the content of Ce02 is less than 5 mol%, a formation of metastable tetragonal Zr02 is not sufficient. 
The ceramic material contains 0.5 to 50 vol% and more preferably 2.5 to 30 vol% of the secondary phase. 

Japanese Patent Early Publication [KOKAI] No. 8-268755 discloses a ZrOg based ceramic material consisting 
essentially of 0.5 to 50 vol% of AI2O3 having an average grain size of 2 jim or less and the balance of a partially stabl- 

35 lized Zr02 having an average grain size of 5 jim or less. The partially stabilized Zr02 consists essentially of 8 to 12 
mol% of Ce02. 0.05 to 4 mol% of TIO2 and the balance of Zr02. Fine AI2O3 grains having an average grain size of 1 
|im or less are dispersed within the Zr02 grains at a dispersion ratio of at least 2%. The dispersion ratio is defined as a 
ratio of the number of AI2O3 grains dispersed within the Zr02 grains relative to the number of the entire AI2O3 grains 
dispersed in the ceramic material. 

^ In addition, a ceramic material comprising 1 0 wt% of AI2O3, 1 .5 wt% of MnO and the balance of Ce02-partially sta- 
bilized Zr02 is disclosed in Journal of American Ceramic Society. 75[5] 1229-38 (1992). The partially stabilized Zr02 
contains 12 mol% of Ce02. This prior art also discloses that MnO reacts with both Ce02 and AI2O3 during a sintering 
step to form a new phase having an approximate composition of CeMnAl^iOig. The ceramic material exhibits a 
mechanical strength of 650 MPa in four-point bending and a fracture toughness of 7.6 to 10. 3 MPa • m^'^ in compact 

45 tension tests. 

Thus, various attempts have been made to improve the mechanical properties of the Zr02*Al203 ceranuc materi- 
als. However, there is room for further improvement of the mechanical properties. 

A concern of the present invention is to provide a Zr02 based ceramic material having improved mechanical 
strength and toughness. That is. the ceramic material comprises a first phase of Zr02 grains containing Ce02 as a sta- 
50 bilizer and having an average grain size of 5 jun or less, a second phase of AI2O3 grains having an average grain size 
of 2 |im or less, and a third phase of elongated crystals of a complex oxide of Al, Ce, and one of Mg (magnesium) and 
Ca (calcium). At least 90 vol% of the first phase is conrposed of tetragonal Zr02. An Al content in the ceramic material 
is determined such that when Al of the complex oxide is converted to AI2O3. a total amount of AI2O3 in the ceramic 
material is wittiin a range of 0.5 to 50 vol%. A content of the third phase in the ceramic material is determined within a 
55 range of 0.5 to 5 by area%. 

It is preferred that fine AI2O3 grains having an average grain size of 1 |im or less of the second phase are dispersed 
within the ZrOg grains at a dispersion ratio of at least 2%. The dispersion ratio is defined as a ratio of the nun*er of the 
AI2O3 grains dispersed within the grains of tfie Zr02 grains relative to tfie entire AI2O3 grains dispersed in the ceramic 
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material. 

It is also preferred that the elongated crystals has an average length of 2 to 50 with a niaximum length up to 70 
^m. In particular, it is preferred that an average aspect ratio of the elongated crystals is within a range of 2 to 25. The 
aspect ratio is defined as a ratio of length to width of each of the elongated crystals. 

5 A further concern of the present invention is to provide a method of producing the Zr02 based ceramic material of 

the present invention. That is. a first constituent corresponding to a composition of 8 to 12 mol% of Ce02, 0.01 to 0.1 
mol% of one of MgO (magnesium oxide) and CaO (calcium oxide), and the k>a!ance of ZrOg is mixed with a second con- 
stituent for forming AI2O3, to ot)tain a mixed powder. The mixed power is molded to a green compact having a desired 
shape. The green compact is sintered in an oxidative atmosphere at a temperature between 1400 **C and 1600 ^'C 

10 under an atmospheric pressure. A reaction of Ce and one of Mg and Ca supplied from the first constituent with Al sup- 
plied from the second constituent in the oxidative atmosphere during the sintering form the thiid phase of the ceramic 
material. 

These and still other objects and advantages features of the present invention will t>ecome more apparent from the 
following description and examples of the present invention when taken in conjunction with the attached drawings. 

IS 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a scanning electron micrograph of a Zr02 based ceramic material of Example 5 of the present invention; 
FIG. 2 is a scanning electron micrograph of an elongated crystal formed in the ceramic material; 
20 FIG. 3 is a chart of an energy dispersive X-ray analysis (EDAX) of a Zr02 grain of the ceramic material of Example 

5; 

FIG. 4 is a chart of the energy dispersive X-ray analysis (EDAX) of an AI2O3 grain of the ceramic material; 

FIG. 5 is a chart of the energy dispersive X-ray analysis (EDAX) of an elongated crystal of a complex oxide of the 

ceramic material; 

25 FIG. 6 is a transmission electron micrograph of the ceramic material of Example 5; and 
FIG. 7 is a transmission electron micrograph of the ceramic material. 

DETAIL DESCRIPTION OF THE INVENTION 

30 A Zr02 based ceramic material of the present invention comprises a first phase of Zr02 grains containing Ce02 as 
a stabilizer and having an average grain size of 5 fim or less, a second phase of AI2O3 grains having an average grain 
size of 2 ^m or less, and a third phase of elongated crystals of a complex oxide of Al. Ce. and one of Mg and Ca. 

As to the first phase. Ce02 forms a solid solution with ZrOg and behaves as the stabilizer for metastably keeping 
tetragonal Zr02. which is a crystal phase statsle at a high temperature, down to a room temperature. In the present 

35 invention, the first phase contains Ce02 in such an amount that at least 90 vol% of the first phase is composed of 
tetragonal Zr02. When the volume content of tetragonal Zr02 is less than 90 vol%. there is a tendency that mechanical 
properties of the ceramic material deteriorate because of an excess amount of monodinic and/or cubic Zr02 in the first 
phase. In particular, when an excess amount of morK>clinic Zr02 appears in the first phase, micro cracks often develop 
in the ceramic material. 

40 As to the second phase, an Al content in the ceramic material is determined such that when Al of the complex oxide 
is converted to AI2O3, a total anx^unt of AI2O3 in the ceramic material is within a range of 0.5 to 50 vol%, and more pref- 
erably 2.5 to 30 vol%. When the amount of AI2O3 is less than 0.5 vol%, a contribution of the second phase to the 
mechanical properties of the ceramic material is not obtained. In addition, a sufficient amount of the third phase is not 
formed in the ceramic material. As the amount of AI2O3 increases more than 50 vol%. the mechanical toughness of the 

45 ceramic material gradually lowers. 

As to the third phase, a content of the third phase in the ceramic material is determined within a range of 0.5 to 5 
by area%. The content (area%) of the third phase is represented by the following equation; 

Content of Third Phase (area%) = (t/T) x 100 

so 

where is a total area of an observation region of the ceramic material observed by the use of a scanning electron 
microscope (SEM) and/or transmission electron microscope (TEM), and T is an area of the third phase exposed on the 
observation region of ceramic material. When the content of the third phase is less than 0.5 area%, a contribution of 
the third phase to an improvement of mechanical toughness of the ceramic material is not sufficiently obtained. When 
55 the content of the third phase is more than 5 area%. there is a problem that variations in the mechanical strength 
increase, and an average mechanical strength of the ceramic material decreases. 

It is believed that mechanical properties of the present ceramic material are improved according to the following 
mechanism. That is, residual stress fields are generated around the ZrOg grains. AI2O3 grains, and the elongated crys- 
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tals of the complex oxide during a cooling step from a sintering temperature of the ceramic material. At the residual 
stress fields, a large number of dislocations occur within the Zr02 grains. The dislocations are piled up each other to 
form sub-grain boundaries within the Zr02 grains. The formation of the sub-grain boundaries provides a fine grain struc- 
ture, and is useful to increase a critical stress necessary for causing a stress induced phase transformation from 
tetragonal Zr02 to monoclinic Zr02. In addition, since cracks developed in the ceramic material are bowed or deflected 
by the AI2O3 grains and the elongated crystals uniformly dispersed in the grain boundaries of the Zr02 grains, further 
progresses of the cracks would be effectively prevented to improve the fracture toughness of the ceramic material. 

It is preferred that the elongated crystals have an average length of 2 to 50 ^m with a maximum length up to 70 m^. 
When the average length and the maximum length of the elongated crystals are satisfied with the above ranges, it Is 
possible to provide the composite ceramic material having a higher fracture toughness, while minimizing variations of 
the mechanical strength of the ceramic material. By the way, a fracture strength (of) of a ceramic material can be 
expressed by Griffith's equation: 

af = (1/Y)x(K,o/c''^) 

where "Y" is a shape constant, "K,q" is a value of fracture toughness, "c" is a fracture-origin size (crack and/or defects 
of microstructure). For example, pure AI2O3 ceramics usually show about 3 MPa • m^'^ n^^^. ^ jp^^^Q^j^ ^^3^ 
average fracture-origin size of the AI2O3 ceramics is about 4 \um. On the other hand, most of the Zr02 based ceramic 
materials of the present invention show about 12 MPa-m^'^ or more of "K|c". When assuming that a pure AI2O3 
ceramic and a Zr02 based ceramic material of the present invention are of a same mechanical strength (of) and a same 
shape constant (Y), and the "K|c" values of the AI2O3 ceramic and the Zr02 based ceramic material are 3 MPa • m^''^ 
and 12 MPa -m^^, respectively, the Griffith's equation teaches that the fracture-origin size of the Zr02 based ceramic 
material is 64 pm. Therefore, when the maximum length of the elongated crystals in the Zr02 based ceramic material 
is up to 64 nm, it is presumed that the third phase may not behave as the fracture origin. Results of the attached Exam- 
ples follow this presumption well. From observations of fracture origins of the present ceramic materials, it is preferred 
that the maximum length of the elongated crystals is up to aboiA 70 ^m to prevent the behavior of the third phase as 
the fracture origin. In addition, it is preferred that an average aspect ratio of the elongated crystals is within a range of 
2 to 25. The aspect ratio is defined as a ratio of length to width of the elongated crystals. 

It is also preferred that fine AI2O3 grains having an average grain size of 1 fun or less are dispersed within the Zr02 
grains of the first phase at a dispersion ratio of at least 2% to form a nano-composite structure in the cerannic material. 
The dispersion ratio is defined as a ratio of the number of AI2O3 grains dispersed within the Zr02 grains relative to the 
number of the entire AI2O3 grains dispersed in the ceramic material. The nano-composite structure with the dispersion 
ratio of at least 2% further improves the mechanical properties of the ceramic material. In addition, a residual stress 
field is generated around each of the AI2O3 grains dispersed within the Zr02 grains by a mismatch of thermal expansion 
coefficients between Zr02 and Ai203. so that the Zr02 grains can be remaricably reinforced. It is further prefen-ed that 
fine Zr02 grains having an average grain size of 1 nm or less are partly dispersed within the elongated crystals of the 
third phase and/or within relatively large AI2O3 grains, in order to obtain a nano-composite structure in the ceramic 
material. This nano-composite structure further improves the mechanical properties of the ceramic material. 

It is preferred that 0.05 to 4 mol% of T1O2 is dissolved into the Zr02 grains of the first phase. In a Zr02-Ti02 phase 
diagram, it is well known that tetragonal Zr02 forms a solid solution with up to about 18 mol% of T1O2 at a high temper- 
ature. Ti02 is capable of keeping the tetragonal Zr02 metastably at a room temperature as well as Y2O3 and Ce02. and 
enhancing a grain growth of Zr02. Therefore, when an excess amount of Ti02 is added to Zr02, the mechanical 
strength of the ceramic material will decrease because of an abnormal grain growth of Zr02. When the Ti02 content is 
within the above range, it is possible to bring about a controlled grain growth of the Zr02 grains to form the nano-com- 
posite structure explained above. That is. when the TiOg content is less than 0.05 mol%, a required grain growth of Zr02 
for forming the nano-composite structure is not achieved. When the Ti02 content is more than 4 mol%. the abnormal 
grain growth of Zr02 happens. In a method of producing the ceramic material of the present invention, a part of Ce02 
dissolved into the Zr02 grains is used to form the complex oxide of the third phase during a sintering step. This loss of 
Ce02 can be made with the addition of T1O2. 

The Zr02 based ceramic material of the present invention can be produced in accordance with the following 
method. That is, a first constituent corresponding to a composition of 8 to 12 mol% of Ce02. 0.01 to 0.1 mol% of one of 
MgO and CaO, and the balance of Zr02 is mixed with a second constituent for forming AI2O3. to obtain a mixed powder. 
It is preferred that the first constituent is provided with a powder having a specific surface area of 10 to 30 m^/g. The 
mixed power Is molded to a green compact having a desired shape. Then, tfie green compact is sintered in an oxidative 
abnosphere at a temperature between 1400 *C and 1600 under an atmospheric pressure. A reaction of Ce and one 
of Mg and Ca supplied from ttie first constituent with Al supplied from the second constituent in the oxidative atmos- 
phere during the sintering fomi the third phase of the ceramic material. When the composition of the first constituent is 
used, it is possible to obtain at least 90 vol% of tetragonal Zr02 the first phase. As explained above, a part of Ce02 
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of the first constituent is used to form the complex oxide of the third phase. That is. the part of Ce02 changes to CeaOa 
at the sintering temperature. In other words, a part of Ce changes from tetravalent to trivalent at the sintering tempera- 
ture. The rest of Ce02 behaves as the stabilizer of tetragonal ZrOa- On the other hand, most of MgO or CaO of the first 
constituent reacts with Ce203 in the presence of AI2O3 grains of the second phase at the sintering temperature to form 
5 the complex oxide. That is. the trivalent Ce ions react with Al, O. and Mg or Ca at grain boundaries at the sintering tem- 
perature to form the complex oxide. When a small amount of MgO or CaO remains in the ZrOg grains of the first phase, 
it may behave as the stabilizer of tetragonal Zr02- 

In the present method, a combination of the above content of MgO or CaO and the sintering temperature range is 
important to provide the ceramic material having the third phase of the range of 0.5 to 5 by area%. When the sintering 
10 temperature is less than 1400 *C and/or the content of MgO or CaO is less than 0.01 mol%, a required amount of the 
complex oxide can not be formed during the sintering step. When the sintering temperature is more than 1600 **C. 
and/or the content of MgO or CaO is more than 0.1 mol%. , there are problems that an abnormal crystal growth of the 
elongated crystals is caused and an excess amount of the third phase is formed in the ceramic material. Ihese bring 
about a deaease in the mechanical strength of the ceramic material. 
IS When the composition of the first constituent has 0.05 to 4 mol% of T1O2. a loss of CeOg in the 2r02 grains caused 
by the formation of the complex oxide during the sintering step can be made up with T1O2 capable of l3ehaving as the 
stabilizer of tetragonal Zr02. In addition, it has already described that the additive amount of T1O2 is useful to control a 
grain growth of the Zr02 grains to form the nano-composite structure in the ceramic material. 

When the ceramic material has a relative density of 95% or more after the sintering step, it is preferred that a hot- 
20 isostatic pressing (HIP) treatment is performed to the ceramic material in an oxidative atmosphere to remove residual 
pores and further improve the mechanical properties. For example, a mixture gas of oxygen gas and a rare gas such 
as argon may be used as the oxidative atmosphere. In particular, it is preferred that the mixture gas contains 5 vol% or 
more of the oxygen gas. 

Any one of the following sub-processes [1] to [5] preferably prepares the first constituent. 
25 In the sub-process [1]. a zirconia powder containing Ce02 is mixed wfth a powder selected from a group of MgCOa. 
CaCOs. MgO, CaO. Mg(0H)2, and Ca(OH)2, to obtain a first mixed powder. After the first mixed powder is heated to 
obtain a calcined powder, the calcined powder is milled to obtain the first constituent It is preferred that the first mixed 
powder is heated at a temperature of 800 *^C to 1 000 ^'C in the air. 

In the sub-process [2], a mixture solution containing salts of Zr, Ce, and one of Ca and Mg is prepared, and then 
30 an alkali solution is added to the mixture solution to generate a precipitate. After the precipitate is dried and heated to 
obtain a calcined powder, the calcined powder is milled to obtain the first constituent It is preferred that the precipitate 
is heated at a temperature of 800 ""C to 1000 ''C in the air for several hours. 

In the sut>process [3], a zirconia powder containing CeOg and Ti02 mixed with a powder selected from a group 
of MgCOs. CaCOa. MgO. CaO, Mg(OH)2, and Ca{OH)2. to obtain a first mixed powder. The first mixed powder Is dried 
35 and heated to obtain a calcined powder, and then the caldned powder is milled to obtain the first constituent. It is pre- 
ferred that the first nnixed powder is heated at a temperature of 800 **C to 1 000 **C in the air for several hours. 

In the sub-process [4], a mixture solution containing salts of Zr, Ce, Ti, and one of Ca and Mg is prepared, and then 
an alkali solution is added to the mixture solution to generate a precipitate. The precipitate is dried and heated to obtain 
a calcined powder, and then the calcined powder is milled to obtain the first constituent It is preferred that the predpi- 
40 tate is heated at a temperature of 800 ^'C to 1000 '^C in the air for several hours. 

In the sub-process [5], a mixture solution containing salts of Zr. Ce, one of Ca and Mg. and an alkoxide of Ti. is pre- 
pared, and then an alkali solution is added to the mixture solution to generate a precipitate. After the precipitate is dried 
and heated to obtain a calcined powder, the calcined powder is milled to obtain the first constituent. It is preferred that 
the precipitate is heated at a temperature of 800 **C to 1000 ^'C in the air for several hours. 
45 In the sub-processes [1] to [5], a dry or wet ball-mill may be used for the powder mixing and/or the milling of the 
calcined powder. When adopting the wet bali-mill. it is preferred to use ethanol, acetone, toluene, or the like as a sol- 
vent 

Any one of the following sub-processes [6] and [7] preferably prepares the second constituent 
In the sut>-process [6], an aqueous solution of an aluminum salt is prepared, and then an alkali solution such as 
so aqueous ammonia is added to the aqueous solution to obtain a precipitation. The precipitation is dried and heated at a 
temperature of about 800 **C In the air for several hours to obtain a calcined powder. The calcined powder is milled to 
c^tain an AI2O3 powder as the second constituent. 

in the sub-process [7], an organic solution of an aluminum alkoxide is prepared, and then the aluminum alkoxide is 
hydrolyzed to obtain a precipitation. The precipitation is dried and heated at a tenperature of about 800 **C in the air for 
55 several hours to obtain a calcined powder. The calcined powder is milled to obtain an AI2O3 powder as the second con- 
stituent. 

It is also preferred to use as the second constituent a powder of a-Al203 having an average grain size of 0.5 ^m or 
less or a powder of y-Al203 having a specific surfoce area of 100 m^/g or more. In particular, when using the Y-AI2O3 
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powder, it is preferred that the following sub-processes prepare the mixed powder. That is, the first constituent is mixed 
with the r-AlaOs powder to obtain a first mixed powder. The first mixed powder is dried and heated at a temperature of 
1000 **C or more and less than the sintering temperature to obtain a calcined powder, and then the calcined powder is 
milled to obtain the mixed powder. 

5 In addition, the following sub-process [8] or [9] preferably prepares the mixed powder. That is, in the sub-process 

[8], the first constituent is mixed with an aqueous solution of an aluminum salt to obtain a mixture solution. It is preferred 
to use the first constituent prepared by any one of the sub-processes [1] to [5]. An alkali solution such as aqueous 
ammonia is added to the mixture solution to obtain a mixture of the first constituent and a precipitation of aluminum 
hydroxide. After the mixture is dried and heated to obtain a calcined powder, the calcined powder is milled to obtain the 

10 mixed powder. It is preferred that the mixture is heated at a temperature of 800 *'C in the air for several hours. 

In the sub-process [9], the first constituent is mixed with an organic solution of an aluminum alkoxide to obtain a 
mixture solution. It is preferred to use the first constituent prepared by any one of the sub-processes [1] to [5]. The alu- 
minum alkoxide of the mixture solution is hydrolyzed to obtain a mixture of the first constituent and a precipitation of alu- 
minum hydroxide. After the mixture is dried and heated to obtain a calcined powder, the calcined powder is milled to 

IS obtain the mixed powder. It is preferred that the mixture is heated at a temperature of 800 in the air for several hours. 

Examples 1 to 18 

A ZrOa based ceramic material of Example 1 was produced by the following method. A ZrOz powder containing 

20 Ce02 and having a specific surface area of 15 m^/g was ball-milled with a MgO powder having an average grain size 
of 0.3 Mm in the presence of ethanol for 24 hours by the use of ba\is made of tetragonal Zr02 and a polyethylene vessel. 
The resultant is then dried to obtain a first mixture as a first constituent. The contents of Ce02 and MgO in the first mix- 
ture are 8 mol% and 0.01 mol% relative to ZrOa. respectively. The first mixture was heated at 950 in the air for 3 
hours to obtain a calcined powder. The calcined powder was ball-milled with an a-Al203 powder (purity: more than 

25 99.9%) having an average grain size of 0.2 pm as a second constituent in the presence of ethanol for 24 hours by the 
use of the tetragonal Zr02 balls and the polyethylene vessel. The resultant is then dried to obtain a second mixture. An 
amount of the a-Al203 powder in the second mixture is determined such that when all of Al (aluminum) included in the 
ceramic material is converted to AI2O3. an AI2O3 content in the ceramic material is 30 vol%. The second mixture was 
molded into a disk having a diameter of 60 mm and a thickness of 5 mm by means of a uni-axis press molding and cold 

30 isostatic pressing (CIP) treatment. The disk was sintered at 1500 °C in the air for 2 hours under an atmospheric pres- 
sure to obtain the Zr02 based ceramic material of Example 1 . Each of ceramic materials of Exanples 2 to 1 7 was pro- 
duced in accordance with a substantially same method as Example 1 except for using a first constituent having a 
different composition of CeOg and MgO or CaO. as listed in Tattle 1 . 

Each of the ceramic materials of Examples 1 to 1 8 was sufficiently densif ied by the sintering. By the use of a scan- 

35 ning electron microscope (SEM) and a transmission electron microscope (TEM). it Is observed that the ceramic material 
is composed of a Zr02 grain phase, a-Al203 grain phase, and an elongated crystal phase of a complex oxide formed 
by a reaction of Ce and Mg or Ca supplied from the first mixture with Al supplied from the a-A!203 powder in the oxida- 
tive atmosphere at the sintering temperature, as shown in FIGS. 1 and 2. In FIG. 1, arrows designate the elongated 
crystals dispersed in the ceramic material of Example 5. As an example, charts of energy dispersive X-ray analysis of 

40 a Zr02 grain, a-Al203 grain, and an elongated crystal of the ceramic material of Exanrpie 5 are shown in FIGS. 3 to 5. 
FIG. 3 shows that CeOz is dissolved into the Zr02 grain. FIG. 5 shows that the elongated crystal contains Ce, Mg and 
Al. H is presumed that a composition of this elongated crystal is CeMgAI^ ^O^q. A content of the elongated crystal phase 
in the ceramic material is presented by an area ratk) (area%}. That is, the area ratio (area%) of the elongated crystal 
phase is determined by the following equation: 

45 

Area ratio (Area%) « (\fr) x 100 

where "T" is a total area of an observation region of a polished and heat-treated surface of the ceramic material 
observed by SEM, or a total area of an observation region of the ceramic material observed by TEM. and "t** is a total 

so area of the elongated crystals exposed on the observation region of ceramic material. In Examples 1 to 18, the area 
ratio is within a range of 0.6 to 3.2 area%. an average length of the elongated aystals is within a range of 5.0 to 25.8 
urn. and an average aspect ratio of the elongated crystals is within a range of 5.0 to 19.2. Minimum and maximum 
lengths of the elongated crystals are 2.0 and 42.6 ^m. respectively. These results are listed in Table 2. As shown in 
FIG. 2, average grain sizes of the Zr02 grain phase and the a-Al203 grain phase of the ceramic material of FIG. 5 are 

ss 1.3 Jim and 0.9 nm. respectively. As listed in Table 1. the average grain size of the Zr02 grain phase in Exanples 1 to 
18 is within a range of 0.8 to 1 .3 fim. The average grain size of the a-AlgOa grain phase is less than 1 pm in Examples 
1 to 18. TEM photographs of the ceramic material of Exanple 5 are shown In FIGS. 6 and 7. These TEM photographs 
shows that fine AI2O3 grains having an average grain size of 1»im or less are dispersed within Zr02 grains, and fine 
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Zrd2 grains are partly dispersed within the elongated crystals of the complex oxide. In another TEM observation, it is 
confirmed that fine ZrOa grains are partly dispersed within relatively large a- AI2O3 grains. A dispersion ratio (W %) of 
fine a-Al203 grains dispersed within the ZrOa grains is; represented by the following equation: 

W(%) = (n/S) X 100. 



10 



IS 



20 



where "S** is the number of the entire AI2O3 grains dispersed at an observation region in the ceramic material, and "n** 
is the number of AI2O3 grains dispersed within the Zr02 grains at the observation region. Hie numbers "S" and "n** can 
be counted by the use of TEM and/or SEM. In Examples 1 to 18. the dispersion ratio is within a range of 2.1 to 2.3. 

Quantification of tetragonal Zr02 in the Zr02 grain phase was carried out by X-ray diffraction analysis. In Tak>les of 
this specification, the following classification of Zr02 crystal phases is used. That is, when a content of monoclinic Zr02 
in the Zr02 grain phase is 30 vol% or more, it is designated as "M". When a content of tetragonal Zr02 in the Zr02 grain 
phase is within a range of 90 vol% to less than 95 vol%. and the balance is monoclinic Zr02, it is designated as T+M". 
When the content of tetragonal Zr02 is within a range of 95 vol% or more, and the balance is monoclinic Zr02, it is des- 
ignated as *T*. In addition, when the content of tetragonal Zr02 is within a range of 90 vol% or more, and the balance 
is cubic Zr02, it is designated as "T-i-C". Results are listed in Table 1 . 

To estimate a mechanical strength of the ceramic material, a 3-point bending strength was measured according to 
the test method of J IS (Japanese Industrial Standard) R1601 . To prepare specimens of 4 x 3 x 40 mm for the 3-point 
bending test, the ceramic material was cut. ground, and polished. In addition, fracture toughness of the ceramic mate- 
rial was measured in accordance with IF method. Those results are listed in Table 2. 



Table 1 





Starting material 


Zr02 Based Ceramic Material 




1st constituent (mol%) 


2rxJ constituent 
(vol%) 


Average Grain Size ((im) 


ZrOa Crystal 
Phase 




Ce02 


MgO 


CaO 


AI2O3 


Zrp2 


AlgOa 




Example 1 


8 


0.01 


0 


30 


1.3 


0.9 


T+M 


Example 2 


8 


0.05 


0 


30 


1.3 


0.9 


T+M 


Example 3 


8 


0.1 


0 


30 


1.3 


0.9 


T+M 


Example 4 


8 


0 


0.01 


30 


1.3 


0.9 


T+M 


Example 5 


8 


0 


0.05 


30 


1.3 


0.9 


T+M 


Example 6 


8 


0 


0.1 


30 


1.3 


0.9 


T+M 


Example 7 


10 


0.01 


0 


30 


0.8 


0.4 


T 


Examples 


10 


0.05 


0 


30 


0.8 


0.4 


T 


Example 9 


10 


0.1 


0 


30 


0.8 


0.4 


T 


Example 10 


10 


0 


0.01 


30 


0.8 


0.4 


T 


Example 11 


10 


0 


0.05 


30 


0.8 


0.4 


T 


Example 12 


10 


0 


0.1 


30 


0.8 


0.4 


T 


Example 13 


12 


0.01 


0 


30 


0.9 


0.4 


T 


Example 14 


12 


0.05 


0 


30 


0.9 


0.4 


T 


Example 15 


12 


0.1 


0 


30 


0.9 


0.4 


T 


Example 16 


12 


0 


0.01 


30 


0.9 


0-4 


T 


Example 17 . 


12 


0 


0.05 


30 


0.9 


0.4 


T 


Example 18 


12 


0 


0.1 


30 


0.9 


0.4 


T 
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Examples 19 to 46 and Comparative Examples 1 to 4 

A Zr02 based ceramic material of Example 19 was produced by the following method. A Zr02 powder containing 
CeOa and having a specific surface area of 15 m^/g. was ball-milled with a MgO powder having an average grain size 

5 of 0.3 ^m and a TiOa powder having an average grain size of 0.3 ^m in the presence of ethanol for 24 hours by the use 
of balls made of tetragonal Zr02 and a polyethylene vessel. The resultant is then dried to obtain a first mixture as a first 
constituent. The contents of Ce02. TiOg, and MgO in the first mixture are 8 mol%, 1 mol%, and 0.01 mol% relative to 
Zr02, respectively. The first mixture was heated at 950 ""C in the air for 3 hours to obtain a calcined powder. The calcined 
powder was ball-milled with an a-AlgOa powder having an average grain size of 0.2 as a secorxJ constituent in the 

10 presence of ethanol for 24 hours by the use of the tetragonal Zr02 balls and the polyethylene vessel. The resultant is 
then dried to obtain a second mixture. An amount of the a-Al203 powder in the second mixture is determined such that 
when all of Al included in the ceramic material is converted to AI2O3. an AI2O3 content in the ceramic material Is 30 
vol%. The second mixture was molded into a disk having a diameter of 60 mm and a thickness of 5 mm by means of a 
uni-axis press molding and cold isostatic pressing (CIP) treatment. The disk was sintered at 1500 ''C in the air for 2 

IS hours under an atmospheric pressure to obtain the Zr02 based ceramic material of Example 1 9. Each of ceramic mate- 
rials of Examples 20 to 46 and Comparative Examples 1 to 4 was produced in accordance with a substantially same 
method as Example 19 except for using a first constituent having a different composition of Ce02, Ti02, and MgO or 
CaO, as listed in Tables 3 and 4. 

Each of the ceramic materials of Examples 1 9 to 46 was sufficiently densif led by the sintering. By the use of a scan- 

20 ning electron microscope (SEM) and/or a transmission electron microscope (TEM). it is observed that each of the 
ceramic materials is composed of a Zr02 grain phase, a-Al203 grain phase, and an elongated crystal phase of a com- 
plex oxide of Ce. Al, and Mg or Ca. An area ratio of the elongated crystal phase in the ceramic material was measured 
according to the same manner as Example 1 . In Examples 19 to 46, the area ratio is within a range of 0.6 to 3.3 area%. 
an average length of the elongated crystals is within a range of 4.8 to 26.7 and an average aspect ratio of the elon- 

25 gated crystals is within a range of 4.6 to 17.6. Minimum and maximum lengths of the elongated crystals are 2.0 ^m and 
41 .5 ^m. respectively. These results are listed in Tables 5 and 6. 

The average grain sizes of the Zr02 grain phase and the a-AlgOs grain phase of the ceramic material in Examples 
19 to 46 are within a range of 0.9 to 4.2 ^m. and less than 2 ^m, respectively. These results are listed in TaNes 3 and 
4. From TEM and SEM observations, it is confirmed that fine AI2O3 grains having an average grain size of 1 pm or less 

30 are dispersed within Zr02 grains, and fine Zr02 grains are dispersed within relatively long crystals of the complex oxide 
and relatively large a-Al203 grains. In addition, there is a tendency that as the additive amount of TIO2 is greater, the 
average grain size of the Zr02 increases irrespective of the additive amounts of Ce02 and MgO or CaO. A dispersion 
ratio (W %) of fine a-Al203 grains dispersed within the Zr02 grains was measured according to the same manner as 
Example 1. In Examples 19 to 46, the dispersion ratio is within a range of 2.5 to 4.6. 

35 Mechanical strength and fracture toughness of the ceramic material were measured in accordance with the same 
methods as Example 1 . Those results are listed in Tables 5 and 6. Furthermore, quantification of tetragonal Zr02 in the 
Zr02 gi'ain phase was carried out by X-ray diffraction analysis. As listed in Tables 3 and 4. a content of tetragonal Zr02 
in the Zr02 grain phase in Examples 19 to 22 is within a range of 90 vol% to less than 95 vol%, and the balance is mon- 
oclinic Zr02. On the other hand, tfie content of tetragonal Zr02 in the Zr02 grain phase in Examples 23 to 46 is within 

40 a range of 95 vol% or more, and the balance is monoclinic Zr02. 

In the ceramic material of Comparative Example 1 , it is observed that a large number of micro-cracks develop dur- 
ing a cooling step from the sintering temperature due to a large tetragonal -to-monodinic phase transformation. As a 
result, the mechanical properties of the ceramic material were not measured. By X-ray diffraction analysis, it was iden- 
tified that a content of monoclinic Zr02 in the Zr02 grain phase reaches about 80 vol%. As to the ceramic material of 

45 Comparative Example 2, an abnormal grain growth of Zr02 up to about 10 mhi is often observed in the ceramic material. 
In addition, it is observed that a lot of residual pores are left within the Zr02 grains and at triple points of the Zf02 grains. 
By X-ray diffraction analysis, it is confirmed that the Zr02 grain phase is formed with tetragonal Zr02 and cubic Zr02. It 
is presumed that these structural defects were caused by the addition of an excess amount of Ti02. As to the ceramic 
material of Comparative Example 3, since a large amount of MgO is included in the first constituent, a aystal growth of 

so the elongated crystal phase is enhanced, so that the average mechanical strength of the ceramic material decreases. 
As to the ceramic material of Comparative Example 4, since neither MgO nor CaO is included In the first constituent, 
the elongated crystal phase is not formed in tfie ceramic material, so that the fracture toughness lowers. 
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Exanrples 47 to 51 and Comparative Examples 5 and 6 

These Examples and Comparative Examples were produced to investigate an influence of an AI2O3 content in the 
ceramic material to the mechanical properties. That is. a Zr02 powvder containing CeOa and having a specific surface 

5 area of 15 m^/g was ball-milled with a MgO powder having an average grain size of 0.3 jim and a Ti02 powder having 
an average grain size of 0.3 ^im in the presence of ethanol for 24 hours by the use of balls made of tetragonal ZrOg and 
a polyethylene vessel. The resultant is then dried to obtain a first mixture as a first constituent. The contents of CeOz. 
T1O2. and MgO in the first mixture are 10 mol%, 1 moI%, and 0.05 mol% relative to ZrOa. respectively The first mixture 
was heated at 800 ""C in the air for 3 hours to obtain a calcined powder. The calcined powder was ball-milled with an a- 

10 AI2O3 powder having an average grain size of 0.2 ^im as a second constituent in the presence of ethanol for 24 hours 
by the use of the tetragonal 2r02 balls and the polyethylene vessel. The resultant is then dried to obtain a second mix- 
ture. The second mixtures of Examples 47 to 51 and Comparative Example 6 have different contents of the a-Al203 
powder, as listed in Table 7. For example, an amount of the a-Al203 powder in the second mixture of Example 49 is 
determined such that when all of Al included in the ceramic material is converted to AI2O3. an AI2O3 content in the 

IS ceramic material is 30 vol%. The second mixture was molded into a disk having a diameter of 60 mm and a thickness 
of 5 mm by means of a uni-axis press molding and cold isostatic pressing (CIP) treatment. The disk was sintered at 
1500 **C in the air for 2 hours under an atmospheric pressure. In Comparative Example 5. the calcined powvder of the 
first constituent was molded and sintered without the a*Al203 powder t>eing used. 

Each of the ceramic materials of Examples 47 to 51 was sufficiently densif ied by the sintering. By the use of a scan- 

20 ning electron microscope (SEM) and a transmission electron microscope (TEM). it Is observed that each of the ceramic 
materials is composed of a 2r02 grain phase. a-Al203 grain phase, and an elongated crystal phase of a complex oxide 
of Ce, Al. and Mg or Ca. An area ratio of the elongated crystal phase in the ceramic material was measured according 
to the same manner as Example 1 . In Examples 47 to 51 . the area ratio is within a range of 1 .6 to 1 .8 area%, an average 
length of the elongated crystals is within a range of 14.0 to 14.7 ^m, and an average aspect ratio of the elongated crys- 

25 tals is within a range of 12.5 to 14.3. Minimum and maximum lengths off the elongated crystals are 4.6 jim and 28.7 pm, 
respectively These results are listed in Tables 8. 

As listed in Table 7. the average grain sizes of the Zr02 grain phase and the a-Ai203 grain phase in Examples 47 
to 51 are within a range of 1 .1 to 2.7 ^m, and less than 1 ^m, respectively There is a tendency that as the AI2O3 content 
in the second mixture increases, a grain growth of Zr02 is prevented. A dispersion ratio (W %) of fine a-AlgOs grains 

30 dispersed within the Zr02 grains was measured according to the same manner as Example 1 . In Examples 47 to 51 , 
the dispersion ratio is within a range of 2.0 to 3.4. 

Mechanical strength and fracture toughness of the ceramic materials were measured according to the same meth- 
ods as Example 1 . Results are listed in Table 8. Furthermore, quantification of tetragonal Zr02 in the Zr02 grain phase 
was carried out by X-ray diffraction analysis. As listed in Table 7. a content of tetragonal Zr02 in the Zr02 grain phase 

35 in Examples 47 to 51 and Coirparative Examples 5 and 6 is within a range of 95 vol% or more, and the balance is mon- 
oclinic Zr02. 

As to Comparative Example 5. the mechanical strength of the ceramic material decreases because of a lack of the 
AI2O3 grain phase. On the other hand, the ceramic material of Conparative Example 6 shows poor mechanical strength 
and fracture toughness because of an excess amount of AI2O3 grain phase in the ceramic material. 

40 



45 



SO 



55 



14 

3NSD0CID: <EP 



EP 0 834 484 A1 



Table? 





Starting material 


ZrOg Based Ceramic Material 




1st constituent (mol%) 


2nd constitu- 
ent (vol%) 


Average Grain Size (^m) 


Zr02 Crystal 
Phase 




Ce02 


MgO 


CaO 




AI2O3 


ZrOs 


AI2O3 




Comparative 
Example 5 


10 


0.05 


0 


1 


0 


4.1 




T 


Example 47 


10 


0.05 


0 




10 


2.7 


0.5 


T 


Example 48 


10 


0.05 


0 




20 


1.7 


0.6 


T 


Example 49 


10 


0.05 


0 




30 


1.4 


0.6 
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Example 50 


10 


0.05 


0 




40 
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0.7 
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50 


1.1 
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Comparative 
ExarrpleG 
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Comparative Example 7 

A Zr02 based ceramic material of Comparative Example 7 was produced In accordance with a substantially same 
method as Example 27 except for using an a-Al203 powder having an average grain size of 3 ^m in place of the a-Al203 
5 powder used in Example 27. 

The ceramic material of Comparative Examples 7 was sufficiently denstf led by the sintering. By the use of a scan- 
ning electron microscope and a transmission electron microscope, it is observed that an average grain size of an a- 
AI2O3 grain phase is 5.9 pm, as listed in Table 9. and most of the a-Al203 grains are dispersed in grain boundaries of 
a Zr02 grain phase. A result of X-ray diffraction analysis shows that the Zr02 grain phase of this ceramic material is 
10 formed with 95 vol% or more of tetragonal Zr02 and the balance of monoclinic Zr02. A dispersion ratio (W %) of fine a- 
AI2O3 grains dispersed within the Zr02 grains, mechanical strength and fracture toughness of the ceramic material, 
were measured according to the same methods as Exarrple 1. Results are listed in JsAAes 10. 

Due to the large average grain size of the AI2O3 grain phase and a decrease of the dispersion ratio, the mechanical 
strength and fracture toughness of the ceramic material of Conparative Example 7 is much lower than those of Exam- 
is pies 27. 



20 



25 



30 



35 



40 



45 



SO 



55 



17 

BNSDOCID: «EP ^08344e4AlJ_> 



EP 0 834 484 A1 



u 

S3 



10 



IS 



so 



25 



30 



35 



40 



45 



SO 



0\ 

Z 



•a 
e 



CO 



c 2 
o E 



O 



'3, 



On 



e2 



O 



^ la 
I i ^ 

C O cH 




•g •s ^ 
S. -s d 
s s < 



g 2 



I I 



« ^ ^ 

OQ CO 



vo 

I 



*0 



oo 
o 



o 



oc 



o 



o 



m 
o 



o 



o 
en 



as 



> r 
'S 4> 



55 



3NSOOCID: <eP 0834484A1_I_> 



18 



EP0834 484A1 

Example 52 

A Zr02 based ceramic material of Example 52 was produced in accordance with a substantially same method as 
Example 27 except that the sintering temperature is 1450 *»C. and a HIP (Hot Isostatic Pressing) treatment was per- 

5 formed after the sintering step at a temperature of 1 350 for an 1 hour under a pressure of 1 50 MPa of a mixture gas 
of argon and oxygen (argon/oxygen = 90/10). 

The ceramic material of Example 52 was sufficiently densrfied by the HIP treatment. By the use of a scanning elec- 
tron microscope and transmission electron microscope, it is observed that an average grain size of a Zr02 grain phase 
is slightly small than that of Example 27, as listed in Ts&Ae 1 1 , and some of fine AI2O3 grains are dispersed within the 

10 ZrOg grains. In addition, it is observed that fine Zf02 grains are dispersed within relatively long crystals of a complex 
oxide of At, Ce and Mg, and relatively large a-Al203 grains. A result of X-ray diffraction analysis shows that the Zr02 
grain phase of this ceramic material is formed with 95 vol% or more of tetragonal Zr02 and the balance of monoclinic 
Zr02. A dispersion ratio (W %) of fine a-Al203 grains dispersed within the Zr02 grains, mechanical strength and fracture 
toughness of the ceramic material, were measured in accordance with the same methods as Example 1. Results are 

IS listed in Table 1 2. The results show that the HIP treatment is useful to improve the mechanical strength. 
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Examples 53 to 60 

ZrO^ based ceramic materials of Examples 53 and 54 were produced in accordance with a substantially same 
method as Example 1 except that a MgCOs powder having an average grain size of 0.3 \irt\ was used in place of the 
5 MgO powder. As listed in Table 13. an annount of the MgCOs powder used in Example 53 is determined such that when 
MgCOa in a first mixture is converted to MgO, a MgO content in the first mixture is 0.01 mol% relative to ZrOa- Similarly, 
an amount of the MgC03 powder used in Example 54 is determined such that the MgO content is 0.1 mol% relative to 
Zr02. 

ZrOa based ceramic materials of Examples 55 and 56 were produced in accordance with a substantially same 
10 method as Ex€imple 1 except that a CaCOs powder having an average grain size of 0.3 pm was used in place of the 
MgO powder. As listed in Table 13. an amount of the CaCOa powder used in Example 55 is determined such that when 
CaCOs in a first mixture is converted to CaO, a CaO content in the first mixture is 0.01 rnol% relative to Zr02. Similarly, 
an amount of the CaCOs powder used in Example 56 is determined such that the CaO content is 0.1 mol% relative to 
ZrOg. 

IS Zr02 based ceramic materials of Examples 57 and 58 were produced in accordance with a substantially same 
method as Example 1 except that a Mg(OH)2 powder having an average grain size of 0.3 ^m was used in place of the 
MgO powder. As listed in Table 13, an amount of the Mg(OH)2 powder used in Example 57 is determined such that 
when Mg(OH)2 in a first mixture is converted to MgO, a MgO content in the first mixture is 0.01 mol% relative to Zr02. 
Similarly, the amount of the Mg(OH)2 powder used in Example 58 is determined such that the MgO content is 0.1 mol% 

20 relative to Zr02. 

Zr02 based ceramic materials of Examples 59 and 60 were produced in accordance with a substantially same 
method as Example 1 except that a Ca(OH)2 powder having an average grain size of 0.3 lixn was used in place of the 
MgO powder. As listed in Table 13, an amount of the Ca(OH)2 powder used in Example 59 is determined such that 
when Ca(OH)2 in a first mixture is converted to CaO, a CaO content in the first mixture is 0.01 mol% relative to Zr02. 
25 Similarly, an amount of the Ca(OH)2 powder used in Example 60 is determined such that the CaO content is 0.1 mol% 
relative to Zr02. 

Each of the ceramic materials of Exanrptes 53 to 60 was sufficiently densif ied by the sintering. By the use of a scan- 
ning electron miaoscope and a transmission electron microscope, it is observed that these ceramic materials has a 
common micro-structure composed of a Zr02 grain phase, a-Al203 grain phase, and an elongated crystal phase of a 

30 complex oxide of Ce. At, and Mg or Ca. An area ratio of the elongated crystal phase in the ceramic material was meas- 
ured according to the same manner as Example 1 . In Examples 53 to 60, the area ratio of the elongated crystal phase 
is within a range of 0.6 to 3.2 area%. an average length of the elongated crystals is within a range of 4.9 to 24.7 ^m, 
and an average aspect ratio of the elongated crystals is within a range of 4.8 to 17.8. Minimum and maximum lengths 
of the elongated crystals are 2.0 ^m and 41.3 fim, respectively. These results are listed in Tables 14. 

35 In addition, it is observed that fine AI2O3 grains are dispersed within the Zr02 grains, and fine Zr02 grains are dis- 
persed within relatively long crystals of the complex oxide and relatively large a-Al203 grains. Results of X-ray diffrac- 
tion analysis show that a content of tetragonal Zr02 in the Zr02 grain phase in Examples 53 to 60 is within a range of 
95 vol% or more, and the balance is monoclinic Zr02. A dispersion ratio (W %) of fine a-Al203 grains dispersed within 
the Zr02 grains, mechanical strength and fracture toughness of the ceramic material, were measured according to the 

40 same methods as Example 1 . Results are listed on Table 14. 
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Examples 61 to 63 

In Example 61 , a first aqueous solution of zirconium oxychloride (ZrCX5l2 • SHgO) was hydrolyzed by adding aque- 
ous ammonia thereto to obtain a sol solution of Zr02. The sol solution was mixed with a second aqueous solution of 

5 cerium chloride (CeCIa • THgO). a third aqueous solution of titanium chloride (TiCU). and a fourth aqueous solution of 
magnesium chloride (MgCl2). while agitating a resultant mixture. The mixture was dropped into aqueous ammonia, 
while agitating the aqueous ammonia, to thereby obtain a precipitate. After the precipitate was washed with water and 
dried, it was heated at 950 in the air for 3 hours to obtain a calcined powder as a first constituent. Amounts and con- 
centrations of the second to fourth aqueous solutions in the mixture are determined such that the calcined powder con- 
to tains 10 mol% of Ce02, 1 mol% of TiOa. and 0.1 mol% of MgO relative to ZrOg, as listed in Table 15. The calcined 
powder was ball-milled with a y-Al203 powder having a specific surface area of 300 m^/g as a second constituent in the 
presence of ethanol for 24 hours by the use of balls made of tetragonal ZrOa and a polyethylene vessel. The resultant 
is then dried to obtain a mixed powder of Example 61 . An amount of the rAl203 powder in the mixed powder is deter- 
mined such that when all of Al included in a Zr02 based ceramic material of Example 61 is converted to AI2O3. an AI2O3 

15 content in the ceramic material is 30 vol%. 

In Example 62. the calcined powder prepared in Example 61 is mixed with a hydrochloride solution of aluminum 
chloride (AICI3), while agitating a resultant, to thereby obtain a first mixture. The first mixture was hydrolyzed by an 
aqueous solution of sodium hydroxide (NaOH) to obtain a second mixture of the calcined power and a precipitate of alu- 
minum hydroxide. After the second mixture was washed with water and dried, it was heated at 1000 **C in the air for 3 

20 hours to change aluminum hydroxide to AI2O3 and obtain a mixed powder of Example 62. An amount and a concentra- 
tion of the hydrochloride solution of AICI3 in the first mixture are determined such that when all of Al Included in a Zr02 
based ceramic material of Exanple 62 Is converted to AI2O3. an AI2O3 content in the ceramic material is 30 vol%. 

In Example 63, a first aqueous solution of zirconium oxychloride (ZrOa2 * 8H2O) was hydrolyzed by adding aque- 
ous ammonia thereto to obtain a sol solution of Zr02. The sol solution was mixed with a second aqueous solution of 

25 cerium chloride (CeCIa • 7H2O), a third aqueous solution of magnesium chloride (MgCy, and a first isopropanol solu- 
tion of titanium isopropoxide [TiCiOCsHy)^, while agitating a resultant, to thereby obtain a first mixture. The first mixture 
was dropped into aqueous ammonia, while agitating the aqueous ammonia, to thereby obtain a first precipitate. After 
the first precipitate was washed with water and dried, it was heated at 850 «C in the air for 3 hours to obtain a calcined 
powder as a first constituent. Amounts and concentrations of the second and third aqueous solutions and the first iso- 

30 propanol solution in the first mixture are determined such that the calcined powder contains 10 mol% of Ce02. 1 mol% 
of Ti02. and 0.1 mol% of MgO relative to Zr02. as listed in Table 15. The calcined powder was mixed with a second 
isopropanol solution of aluminum isopropoxide [AJKiOCqHj)^ to obtain a mixed solution. The mixed solution was hydro- 
lyzed to otrtain a second mixture of the calcined power and a precipitate. After the second mixture was washed with 
water and dried, it was heated at 1 000 in the air for 3 hours to obtain a mixed powder of Example 63. An amount and 

35 a concentration of the second Isopropanol solution In the mixed solution are determined such that when all of Al 
included in a Zr02 based ceramic material of Example 63 is converted to AI2O3. an AI2O3 content in the ceramic mate- 
rial Is 30 vol%. 

The mixed powvder formed in each of Examples 61 to 63 was molded Into a disk having a diameter of 60 mm and 
a thickness of 5 mm by means of a uni-axis press molding and a cold isostatic pressing (CIP) treatment. The disk was 

40 sintered at 1 500 •C in the air under an atmospheric pressure for 2 hours to obtain the ZrOg based ceramic material. 

Each of the ceramic materials of Examples 61 to 63 was sufficiently densif ied by the sintering. By the use of a scan- 
ning electron microscope and a transmission electron microscope, it is obsen^ed that these ceramic materials has a 
common micro-structure composed of a Zr02 grain phase, a-Al203 grain phase, and an elongated crystal phase of a 
complex oxide of Ce. Al, and Mg. An area ratio of the elongated crystal phase in the ceramic material was measured 

45 according to the same manner as Example 1 . In Examples 61 to 63, the area ratio is vvtthin a range of 03.1 to 3.3 area%, 
an average length of the elongated crystals is within a range of 23.8 to 24.5 ^m, and an average aspect ratio of the elon- 
gated crystals is within a range of 17.1 to 17.4. Minimum and maximum lengths of the elongated crystals are 8.0 ^m 
and 41.5 Mm. respectively These results are listed In Tables 16. 

In addition, it is observed that a relatively large amount of fine AI203 grains are dispersed within the Zr02 grains. 

so From X-ray diffraction analysis, it is confirmed that a content of tetragonal Zr02 in the ZrOg grain phase in Examples 61 
to 63 is within a range of 95 vol% or more, and the balance Is monoclinic Zr02. In Example 61 . it is also confirmed that 
the Y-AI2O3 powder is completely converted to a-Al203. A dispersion ratio (W %) of fine a-Al203 grains dispersed within 
the Zr02 grains, mechanical strength and fracture toughness of the ceramic materials, were measured In accordance 
with the same methods as Example 1. Results are listed on Table 16. 
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Examples 64-65 and Comparative Examples 8-9 

Zr02 based ceramic materials of these Examples and Comparative Examples are produced In accordance with a 
substantially same method as Example 28 except for adopting different sintering temperatures, as listed in Table 17. 

s In Examples 64 and 65, each of the ceramic materials was sufficiently densified by the sintering. By the use of a 

scanning electron miaosoope and a transmission electron microscope, it is observed that these ceramic materials has 
a common micro-structure composed of a Zr02 grain phase. a-AlgOs grain phase, and an elongated crystal phase of a 
complex oxide of Ce, Al. and Mg, As listed In Table 1 7. as the sintering temperature is higher from 1 400 •C toward 1600 
**C. there is a tendency of increasing average grain sizes of the ZrOg grain phase and a-AlgOg grain phase, an area ratio 

10 of the elongated crystal phase in the ceramic material, and a dispersion ratio (W %) of fine a-AlaOa grains dispersed 
within the Zr02 grains. In Examples 28, 64 and 65, the ceramic material of Exanple 28 sintered at 1500 «C shows the 
maximum mechanical strength and fracture toughness, i.e.. 1 160 MPa and 18.8 MPa • m^'^ ptom X-ray diffraction anal- 
ysis, it is confirmed that a content of tetragonal Zr02 in the ZrOg grain phase in Examples 64 and 65 is within a range 
of 95 vol% or more, and the balance is monoclinic Zr02. 

IS In Comparative Example 8. the ceramic material was not densely sintered at the low sintering temperature of 1 300 
**C, so that both of the mechanical strength and fracture toughness remarkably decrease, as listed in Table 18. In addi- 
tion, the elongated crystal phase was not formed in the ceramic material. On the other hand, the ceramic material of 
Conparative Example 9 was densely sintered at the high sintering temperature of 1700 *C. However, since a aystal 
growth of the elongated crystal phase and grain growths of the Zr02 grain phase and a-AlgOa grain phase excessively 

20 proceed at the high sintering temperature, the ceramic material shows a poor bending strength, as listed in Table 18. 

From these results of Examples 1 to 65. it would be understood that the Zr02 based ceramic materials Included in 
the present invention could provide excellent mechanical properties, and particularly great fracture toughness. 
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Claims 

1 . A Zr02 based ceramic material comprising : 

a first phase of Zr02 grains containing Ce02 as a stabilizer and having an average grain size of 5 ^m or less, 

at least 90 vol% of said first phase composed of tetragonal Zr02; 

a second phase of AI2O3 grains having an average grain size of 2 ^m or less: 

a third phase of elongated crystals of a complex oxide of Al, Ce. and one of Mg and Ca; 

an aluminum content in said ceramic material being determined such that when aluminum of said complex 

oxide is converted to AI2O3, a total amount of AI2O3 in said ceramic material is within a range of 0.5 to 50 vol%; 

a content of said third phase in said ceramic material being determined within a range of 0.5 to 5 by area%. 

2. The Zr02 based ceramic material as set forth in claim 1. wherein AI2O3 grains having an average grain size of 1 
nm or less of said second phase are dispersed within said 2r02 grains at a dispersion ratio of at least 2%. said dis- 
persion ratio being defined as a ratio of the number of said AI2O3 grains dispersed within said ZrOg grains relative 
to the entire AI2O3 grains dispersed in said ceramic material. 

3. The Zr02 based ceramic material as set forth in claim 1 , wherein said elongated crystals have an average length 
of 2 to 50 fim with a maximum length up to 70 ^m. 

4. The Zr02 based ceramic material as set forth in claim 3. wherein an average aspect ratio of said elongated crystals 
is within a range of 2 to 25. said aspect ratio being defined as a ratio of length to width of said elongated crystals. 

5. The Zr02 based ceramic material as set forth in claim 2. wherein said first phase contains 0.05 to 4 mol% of Ti02. 

6. The Zr02 based ceramic material as set forth in claim 1 , wherein Zr02 grains having an average grain size of 1 ^m 
or less of said first phase are dispersed within said AI2O3 grains. 

7. The Zr02 based ceramic material as set forth in datm 1 , wherein Zr02 grains having an average grain size of 1 jim 
or less of said first phase are dispersed within said elongated crystals of said third phase. 

8. A method of producing said Zr02 based ceramic material of daim 1 comprising the steps of: 

mixing a first constituent con-esponding to a composition of 8 to 12 mol% of CeCD^. 0.01 to 0.1 mol% of one of 
MgO and CaO, and the balance of Zr02 with a second constituent for forming AI2O3. to obtain a mixed powder: 
molding said mixed power to a green compact having a desired shape: and 

sintering said green compact in an oxidative atmosphere at a temperature between 1400 "^C and 1600 ''C 
under an atmospheric pressure, said third phase of said ceramic material being formed by a reaction of Ce and 
one of Mg and Ca supplied from said first constituent with Al supplied from said second constituent in said oxi- 
dative atmosphere during the sintering. 

9. The method as set forth in claim 8. wherein said composition of said first constituent contains 0.05 to 4 mol% of 
TiOg. 

10. The method as set forth in daim 8, wherein said first constituent is prepared by the steps of : 

mixing a Zr02 powder containing Ce02 with a powder selected from a group of MgCOs, CaCOs. MgO, CaO, 
Mg(0H)2. and Ca(OH)2. to obtain a first mixed powder; 
heating said first mixed powder to obtain a calcined powder; and 
milling said caldned powder. 

11 . The method as set forth in daim 8. wherein said first constituent is prepared by the steps of : 

forming a mixture solution containing salts of Zr, Ce. and one of Ca and Mg; 
adding an alkali solution to said mixture solution to generate a predpitate: 
drying and heating said precipitate to obtain a calcined powder; and 
milling said caldned powder. 
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12. The method as set forth in daim 9. wherein said first constituent is prepared by the steps of : 

mixing a Zr02 powder containing Ce02 and TtO^ with a powder selected from a group off MgCOa, CaCOs, 
MgO. CaO. Mg(0H)2. and Ca(OH)2. to obtain a first mixed powder; 
s heating said first mixed powder to obtain a calcined powder; and 

milling said calcined powder. 

13. The method as set forth in daim 9. wherein said first constituent is prepared by the steps of : 

10 forming a mixture sdution containing salte of Zr. Ce, Ti. and one of Ca and Mg; 

adding an alkali solution to said mixture solution to generate a precipitate; 
drying and heating said precipitate to obtain a calcined powder; and 
milling said calcined powder. 



IS 14. The method as set forth in daim 9, wherein said first constituent is prepared by the steps of: 

forming a mixture sdution containing salts of Zr, Ce. one of Ca and Mg, and an alkoxide of Ti; 
adding an alkali solution to said mixture solution to generate a precipitate; 
drying and heating said precipitate to obtain a calcined powder; and 
20 milling said calcined powder. 

15. The method as set forth In daim 8. wherein said mixed powder is prepared by the steps of: 

mixing said first constituent with an aqueous solution of an aluminum salt to obtain a mixture solution; 
25 adding an alkali solution to said mixture solution to obtain a mixture of said first constituent and a precipitation 

of aluminum hydroxide; 

drying and heating said mixture to obtain a calcined powder; and 
milling said calcined powder. 

30 16. The method as set forth in daim 8. wherein said mixed powder is prepared by the steps of: 

mixing said first constituent with an organic solution of an aluminum alkoxide to obtain a mixture solution; 
hydrolyzing said aluminum alkoxide in said mixture solution to obtain a mixture of said first constituent and a 
precipitation; 

35 drying and heating said mixture to obtain a calcined powder; and 

milling said calcined powder. 

17. The method as set forth in daim 8, wherein said second constituent is a powder of a-Al203 having an average grain 
size of 0.5 (im or less. 

40 

18. The method as set forth in claim 8, wherein said second constituent is a powder of r AI2O3 having a specific surface 
area of 100 vrP/g or more. 

19. The method as set forth in daim 18, wherein said mixed powder is prepared by the steps of : 

45 

mixing said first constituent with said y-Al203 powder to obtain a first mixed powder; 

heating said first mixed powder at a temperature of 1000 **C or more and less than said sintering temperature 
to okjtain a calcined powder; and 
milling said caldned powder. 

so 

20. The method as set forth in daim 8. further comprising the step of 

performing a hot isostatic pressing (HIP) treatment to said ceramic material in an oxkiative atmosphere after 
said sintering step. 

55 

21 . The method as set forth in claim 8, wherein said first constituent is provided with a powder having a specific surface 
of 10to30m2/g. 
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